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ABSTRACT 


The  problem  of  the  design  of  oblique  flow  headers  for 
heat  exchangers  flowing  low  density  fluids  is  considered. 

It  Is  demonstrated  by  test  that  the  theory  already  available 
In  the  literature  provides  an  adequate  basis  for  design  for 
the  single-pass  "parallel  flow"  and  "counter  flow"  configure 
tlons .  The  theory  is  summarized  in  the  form  of  design 
equations  and  illustrated  by  specific  application  to  the 
air-3ide  flow  in  a  gas  turbine  regenerator. 
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NOMENCLATURE 


'■  .A'  -  Flow:  area >  ft  -  ~  *’  * 

of  \  Flow  friction  factor  irt  the  exchanger  .matrix,,  .dimensionless 
gc'  •  PropoptibnalCty  factor  in,  .Nefrtonls' Second.  ;L|w 
J  °X ’  -  32.2  { lbs/#.) ( f  t/se c$)-  C  ;>  :  :  .  J=:;  ,  r  >-?  .- 

-.t  "-1'  :  .  ’  ,  »„  .  6 

,  G\-  Flow*;mas's  -velocity  =  velocity  x  p,.  ,lbs/hr  ft 
ii  f  Velocity,  head:  =  p  u2  2g^ ,  #/ft 2,  inch# s  of  water 
;KE  Flow:  stream  kinetic  energy  rate  ft  #/se.c 

■’  '“c*  *  ,  ■  * 

%  , Flow  length  through  matrix, .  ft  : 

Li  Long  dimension  of  header,  ft 

1  '  ... 

Nj^v  Reynolds  No.,  dimensionless 

p  Matrix  porosity,  flow  void  space/matrix  vol.,  dimensionless 

p  ,  T  ‘  _**  •*-**' 

*  B  Fluid  pressure*,  #/ft  ■ ,  iifches  of  water  p  .  • 

p  ,  ~  (  (  ft 

AP  .Pressure  drop,  #/ft  ,  psi,  inches  of  water 
r^  Hydraulic  radius  for  flow  through  the  matrix,,  ft 
t  The  x-coordinate  along  the  matrix  face  in  Fig.  1-1 
u  The  fluid  velocity  component  in  the  x-dlrection,  ft/sec 

v  The  fluid  velocity  component  in  the  y-dlrection,  ft/sec 

w  The  fluid  velocity  along  a  stream  line,  ft/sec 
x  Cartesian  coordinate  defined  in  Figs-.  3.  and  4-,.  ft 
JX  =  x/L 

y  Cartesian  coordinate  defined  in  Figs .  3  and'  ft 
Y  “  ywall/yo 

z  Cartesian  coordinate  defined  in  Figs,;  3  and  4<,  ft 
z  -  zwall/yo 

Greek  Letters 

j  •« 

a  :Matrlx  friction  area  -per  unit  Volume,  ft2/ft^ 

B  On  velocity  means  deviation  from  average 
A  On  pressure  means  pressure  drop 
p  Fluid  den  Vty,  lbs/ft^ 
ay  Air  flow  rate,  lbs/sec,  lbs/hr 
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Subscripts 

i  Denotes  inlet  of  inlet  header  - 

m  Denotes  matrix 

6  Denotes  outlet  of  exit  header 

t  Denotes  ''total”  in  distinction  to  static  pressure, 

Pt  =  • 

ave  Denotes;  average 


Miscellaneous 

ib  Denotes  pound  mass  in  distinction  to  # 

#  Denotes  pound  force  in  distinction  to  lb 
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Isi  energy  conversion  systems.  Involving  gas  flew  beat: 
exchangers  tbs  header  configurations  have  a  definitive 
Influence  cn  System  envelope  georetry-.  vhe  regenerative 
•cycle  gas  turbine  engine  is  an  extreme  example  of  such,  a 
system.  The  highly  compact  surfaces,  employee  tend  to  result 
In  cores  of  large  frontal  area  and  short  flow  length.  The 
sxetch,  Fig.  1,  illustrates  a  folded  core  concept-  used  to 
reduce  the  header  volume.  Ecaever,  if  the  pressure  drop 
across  the  core  is  not  uniform  the  flow  distribution  over 
the  transfer  surfaces  Kill  not  be  uniform  and  a  serious 
reduction  in  heat  exchanger  performance  cay  he  the  penalty  a 

From  this  viewpoint,  the  design  objective  for  the  header 
is  to  provide  for  acceptably  uniform  flow  with  acceptable 
system  geometry  and  flow  stream  mechanical  energy  losses. 

In  effect,  uniformity  of  flow  distribution  is  the  dominating 
function  of  the  headers. 

•The  present  report  is  a  continuation  of  earlier  work  in 
this  area  described  in  Ref.  (!) .  Three  types  of  header  con*- 
figurations  as  shown  in  Fig.  2  are  considered:  a  single-bass 
parallel  flow,  a  single-pass  counter  flow  and  a  two-pass 
parallel  flow  configuration.  The  specific  purposes  of  this 
presentation  are  to: 

(1)  Summarize  the  analytical  results,  including  a 
detailed  analysis  of  losses,  for  the  two  single¬ 
pass  configurations . 

(2)  Present  test  results  for  all  three  configurations, 
both  for  the  “theory  shaped11  headers  and  for 
other  shapes  not  conforming  to  the  theory. 

(3)  To  illustrate  the  application  of  the  results 

by  the  design  of  a  practical  heat  exchanger  header. 

The  theoretical  methodology  is  largely  based  on  the  work 
of  Perlmutter  and  Heyda  (2)  and  (3) .  The  mathematical  model 
for  the  exit  header  analysis  differs  for  these  two  authors 
and  the  Heyda  model  is  selected  for  the  present  treatment  as 

1 


it  is  well  substantiated  experimentally.  The  analysis  of 
header  losses  into,  inlet  and  exit  components  and  the  allowance 
for  different  fluid  densities  for  the  islet  and  exit  headers 
represent  a  simple,  new  contribution  to  the  theory.  It  is 
believed  that  .these  extensions  and  the  summary  of  results  into 

O  :  -  c  ,  .  •  < 

convenient  equations  will  be  of  value  to  the  heat  exchanger 
designer.  ..  I-  ^  . 


THEORY  RESULTS 

Tile  mathematical  .models  analyzed5  for,  the  parallel,  flow 
and  counter:  flow  configurations  are,  described  in  Rigs.  3  and 
4;,  respectively.  The  applicable  Idealizations;  follow: 

1.  Inlet  and  exit  header-  densities  are,  separately 
constant. 

2i  Inlet  header  velocity,  u^  ,  is  uniform  ,at.  x=Q  . 

3.  The  inlet  header  velocity  is>  a  function  of  x  only 

4.  The  inlet  header  pressure  is  a  function  of  x  only 

5.  The  exit  header  pressure  is  a  function  of  x  only, 

but  the  velocity  has  a  two-dimensional  variation. 

6.  The  inlet  and  exit  header  flows,  are  loss  free 

(inviscid  ) .  ••  5 

The  conditions  imposed  on' the  system  are: 


1.  The  exit  header  has  a,  box  shape,  j 


=  r  or 


=  1 


x  ->'wair  Jo. 

2.  The  mass  flow,  distribution  through  the  matrix  is 

uniform,  i.e.,  ;y:  =  constant  flowing  into  the 

exit  header.  m 

3.  In  order  to  provide  for  J^^Lit- Isrhece s sary  to 
shape  the  inlet  header  so  that  the  inlet  pressure 
profile  g.fe):  matches  the  exit  pressure  profile 
£6-  make  AP  matrix  constant  with  x  ‘(see  Figs. '-3 

^  and  4),. 

The  important  results  of  the  analysis  are: 

1.,  P(x)  for  the  exit 'header. 

2.  uQ(y)  for  the  exit  header. 

3.  Required  shape  of  the  inlet  header  Z(x)  , 

4.. 1  u(x)  for  the  inlet  header. 

The  details  of  the  derivations  are  presented  in  APPENDIX  I. 

It  is-  ^evident  from  the  foregoing  that  the  treatment  is 
one-dimens lpnalized  with  respect  to  pressure  in  both  headers 
and  also  velocity1  in  the  inlet  header,  but  the  outlet  header 
velocity  u(x,.y)  is  two-dimensional.  As  will,  be  shown,  the 
one -dimensional  idealization  for  pressure  is  justified  by 
experiment.  The  justification  for  selecting  a  box  shape  of 
the  exit  header  is  that  it  yields  a  minimum  pressure  drop. 
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Even  though  the  flow  In  each  of  the  headers  Is  loss  free, 
according  to  idealization  (6),  there  is  a  header  loss  charge b- 
able  to  the  ifcxert  and  exit  header/  and  matrix  system.  This 
lost  has  two  sources;  (a)  the  kinetic  energy  dissipation  as 
the  flow  leaves  the  inlet  header  at  a  fairly  high  velocity  and 
is  turned  and  decelerated  by  the  matrix  and  (b)  the  kinetic 
energy  "excess”  in  .the  exit  header  associated  «±th  the  non- 
uniform  Velocity  profile  u^(y)  si?>wn  in  Fig.  3i  Ffce  header 
loss  is  definsii  ,as  the  loss  in  the  total  pressure  that  is  not 
chargeableebo  the  matrix,: narnel;y  ^ " 

SH  AVri,t-  ~  ^matrix  r--A 

*  .  : :  V  0 

As  the  average  velocity  term  in  the  exit  total  pressure  IV  . 

'  >•  .  Oyw 

is  based  on  a  bulk  average  uQ  ,  any  non-uniforsity  in  uQ 
wM.1  appear  hs  .a.  “booldce^ping”  loss  in  kinetic  energy. 

Tiie  experimental  evidence  supporting  these  idealizations 
will  be  presented.1  later. 

The  important  analytical  results  for  the  single-pass 
parallel  flow  header  configuration  follow; 
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Note  that  from  continuity 


The  nathematical  model  for  the  counter  flow  header  con¬ 
figuration  is  described  in  Fig.  M.  in  contrast  to  the  parallel 
flow  configuration.,  the  inlet  header  functions  as  a  diffuser 
to  decelerate  the  flow.  The  outlet  header  behaves-  exactly 
like  that  for  the  parallel  flew  configuration  with  a  flow, 
acceleratioji  and  a  drop  in-  pressure  if.  the  flow  direction. 

The  important  analytical  results,  for  the  single-pass 
counter  flow  configuration  follow: 

Exit  header »  box  configuration  Y(X)  =  1 
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Note  that  from  Eq.  =  (.10:)  arid  -continuity 
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>  than  the  outlet  dimension,  for  counter  flow  z. 

,v -  -•  ,  <  ••  -• — i,  •  o  -  1 

he  v, O.636  V(p  /p^)  y  in  order  to  assure  the  matchj 


In  contrast  ta  the  parallel  flow  configuration,  where  the 
inlet'  header  dimension  z^  can  he  either  larger  or  smaller 

must 

matching 

>,v- 'pressures' .profile  needed  for  uniform  flow  distribution  and?  for 
N  a  minimum,  header  iossi  <This  point  is  established,  in  the 
4  derivation  of  Eq.  (l?22)  in  APPENDIX  I. 

,-•  /  In  the  following  consideration  the  over-all  loss  of  flow 
,  c  -js  treanu.  mechanical  energy,  Eq.  (l);,  will  be  analyzed  in  terms 
of  its.  two  components: (a)  the  kinetic  energy  dissipation  as 
.  the  flow  leaves  the  inlet,  header  and  (b)  the  kinetic  energy 
"excess"  associated  with  the  non-uniform  velocity  profile 
u  J(y)  ,  shown  In  Pig.  3.>  which  Is.  chargeable  to  the  exit 

O'/ 

'^h4|der. 

-•  j  FOf-ijie  parallel  flow  configuration  from  Eqs.  (2)  and 

(6c),  Eq,  (lpbecomes 
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For  the  counter  flow  configuration,  from  Eqs .  (7) .  and 
Eq.  (i)  becomes 

A?,  hrt  u 

*  =  1  ^  ^  =  I  -  *  =  0.525 

N  ni  7T2 


(13) 


0. vo  interesting  design  cpnclut  "'‘ns  are  immediately  evident, 
namely:  (a)  the  optimum  counter  flow  configuration  has  the  much 
smaller  loss  and  (b)  unlike  the  parallel  flow  situation  the 
counter  flow  loss  does  not  depend  on  inlet  to  outlet  flow 
stream  density  ratio.  A  typical  parallel  flow  .design  would 
be  with 


l 2  i!2 


ho  =  hi 


So  that  AP^/h^  =  2.467  j  4.15  times  the  comparable  counter 
flow  loss. 

The  kinetic  energy  associated  with  the  non-uniform 
velocity  profile  uQ(y)  at  the  outlet  header  exit  is  the 
same  for  both  the  parallel  and  counter  flpw  configurations. 
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The  "excess"  kinetic  energy  head,  above  the  nominal  magnitude 
evaluated  using  a  bulk  average  velocity  is 

Exit  Loss  4  P0  Excess  KB/a.  (^) 


2  o,ave' 

=  -  1  =  0.645  (14) 

where  the  numerical  result  comes  from  Eq.  (3b).  ^ 

For  the  inlet  header,  the  loss  is  postulated  t^>  be  ail 
the  kinetic  energy  leaving  the  header  and  entering  the  matrix 
where  it  is  dissipated,  with  no  pressure  rise,  and  appears  as 
an  increase  of  enthalpy  of  the  flow. 
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But  v  =  constant  with  x  and  so  is  p.  ;  thus  the  inlet 
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loss  becomes 
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By  Eq,  (6b)^  for  the  inlet  header  of  the  parallel  .flow  con¬ 
figuration  :  .  -  . 

h_ 


Inlet  Loss 


=  1  +  0.822 


fpill  zil2 
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=  I  +  0.822  ~  (±5b) 


By  Eq,  (lib),  for  the  inlet  header  of  the  counter  flow  con¬ 
figuration 


Inlet  Loss 


=  0.333 


(15c) 


From  Eqs.  (l4)  and  (15b)  for  the  para3,lel  flow  configuration 
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which  is  in--  agreement  with  Eq-. 

Similarly,  from  Eqs.  (l4)  and  (15c)  for  the  counter  flow 
configuration  and  using  Eq.  (lie) 


ap,  K 

=  0.645  ^  +  0.333 
ni  % 


=  0.645  x  Q. 405  +  0.333  =  0.59.5 


which  is  in  agreement  with  Eq.  (13). 

In  summary,  the  postulated  "loss  free"  flow  theory  for 
the  headers  provides  expressions  for  the  losses  to  be  charged 
to  the  headers  In  the  header-matrix  complex.  Eqs.  (12)  and 
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(13)  provide  the  total  header  losses,  and  Eqs.  (14),  (15b), 
and  (15  c)  provide  the  exit  and  inlet  header  contributions  to 
the  total  losses. 

A  technically  interesting  special  case  of  the  parallel 
flow  solutions  is  considered  in  APPENDIX  II.  This  configura¬ 
tion  is  described  as  the  oblique,  flow  Inlet j  free  discharge 
configuration.  Fig.  1-3.  This  header  configuration  is  quite 
commonly  encountered  in  air  conditioning  heat  exchanger 
installations  and  may  also  be  of  interest  in  a  gas  turbine 
regenerator  discharging  straight  into  an  exhaust  stack.  The 
discharge  pressure  is  uniform  for  this  situation  so  the  inlet 
header  must  be.  shaped  to  yield  a  uniform  pressure.  This 
pressure  match  condition  requires  a  triangular  shape,  with 
uniform  velocity  u  =  u^  , 

=  fl  -  X)  ;(16) 

zi 

The  exit-  header  loss  is-  nil  so  that  the  AP^/h.^  is  completely 
due  to  the  inlet  header  and  according,  to  Eq.  (l)  and  Eq.  (l-26) 
of  APPENDIX  I  becomes  •* 


(17) 


In  contrast  to  Eqs.  (12)  and  (l3)>  it  is'  seen  that  the' header 
loss  for  the  oblique  flow  inlet,  free  discharge  configuration 
is  intermediate  to  the  parallel  flow  and  counter  flow  con¬ 
figuration. 
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.  ♦  /  EXPERIMENTAL  RESULTS  , 

After  a.  -Brief  dees  rip t Ion  of  the  test  system,.,  data  will 
be  presented  supporting  the  idealizations  made  in  the  analysis,. 
A  flow  non-uniformity  criterion  will  be  developed  and  the 
actual;  header  performance  will  be  presented  both  in  terms  of 
pressure  profiles >  header  tptal  head  losses  and  flow  non¬ 
uniformity.  Theory  shaped  headers  will  be  considered  and  also 
designs  that  differ  from  the  theory.  The  performance  of  a 
two-pass  parallel  flow  configuration  will  also  be  presented  to. 
indicate  the  type  of  extrapolation  one  may  make  of  the  single- 

O  -J  '  ^  0  ;  S  ,  -  ^  * 

pass  theory.  J  .  ,  .  : 

Test  System  ^ 

The  flow  system  for  the  single-pass  parallel  flow  con- 

<>  V  * 

figuration  is  described  schematically  in  Fig,  %  Fig.  6  is 
a  photograph  of  the  general  test  arrangement  for  parallel  flow 
and  Fig.  7  is  a  photograph  of  the  counter  flow  configuration. 

The  matrix  arrangement  consisting  of  two  HEXCEL  stiffeners 
and  seven  pads  of  five  screens  each,  is  shown  in  Fig.  8.  The 
stiffeners  proved  to  be  very  effective  in  eliminating  header 
shape  distortions  due  to  the  screens  bulging  and  sagging. 

Eight  header  sets  were  tested.  Four  of  these  are  single¬ 
pass  parallel  flow  configurations,,  three  are  counter  flow,  and 
one  is  a  two-pass  parallel  flow  configuration.  The  three 
configurations  were  previously  describees  in  Fig.  2.  Table  1 
provides  the  important  dimensions  for  the  headers*,  and  Tables 
2  and  3  provide  the  matrix  information. 

Additional  information  relating  to  the  test  system  is  in 
APPENDIX  II 

Experimental  Verification  of.  Idealizations 

For  the  box  exit  header,  a  verification  of  the  idealiza¬ 
tions  (page  3)  leading  to  the  analytical  results,  Eqs.  (2,3a, 
3b)  and  (7, 8a, 8b),  is  provided  by  a  comparison  of  the  measured 
exit  velocity  profile  with  the  theory  prediction,  Eq.  (3a). 
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This  is  done  in  Fig.  9  and  the  agreement  is  excellent.  - 

The  validity  of  the  idealization  of  pressure'  as  a  functibn 
of  x  only  in  both  the  inlet  arid  exit  headers'  is  provided  by 
a  comparison  of  the  narrow  side-wall  pressure  tap  leadings  - 
with  those  of  the  bottom  arid  top  walls The  side  'Wall  taps 
are  located  at  a  plane  about  one-fourth  of  yQ  from  the 
matrix  stiffener  face  for  both  the  irilet  rand  outlet  headers. 

These  comparisons  are  preserited  in  the  experimental  pressure 
profile  Figs.  10  by  the  different  types  of  data  points.  The 
Olose  agreement  of  the  two  sets  of  -pressure  readings  strongly 
supports  the  uni-dimensional  Idealization  for  the  pressure. 

Flow  Uniformity  .Criterion 

Before  presenting  the  header  performance,  it  is  necessary 
to  specify  a  criterion  that  is  descriptive  of  flow  non-uniformity 
through  the  matrix,  it  is  necessary  that  this  criterion  be 
readily  evaluated  from  test  results  and  be  'usable  by  the 
designer  to.  estimate  the  heat  transfer  performance  penalty  due 
to  the  non-ur ifermity.  Fig.,  10  .preserits  a  typical  set  of 
pressure^  data,.  After  the  pressure  profiles  are1  plotted,  -the 
^matrix^h.i  :is  read  from  the  graph  at  11  -equally  spaced 
abscissa  values  over  the  range  0  <  X  <  1  The  VdP^^^/h^ 

;n/vm,ave 


is  then  calculated  and  ‘  v„ 


is  formed  as 
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The  11  ordinate  trapezoid  rule  is  used  to  form-  the 
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The  departure'  of  v  /v 


ave 


m  ;m,ave 


from  unity 


is  the  velocity  deviation  from  the  average 
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The  average  deviation  of  the  velocity  deviation  is  taken-  as 
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the  criterion  of  non-uniformity. 


Flow  non-uniformity  = 


6  v 

.15, 

7m,avei 


ave 


:Thr  trapezoid  rale  is  again  used  to  form  this  average. 

To  estimate  the  penalty  in  heat  transfer  performance 
associated  with-  a  specified  non-uniformity, it  is  reconssended 
that  the  flow  distribution  be  treated  as  buffering  a  step 
change  {+}  equal  to  th~  non-uniformity  magnitude.. 

Clearly  the  flow  non-uniformity  factor  is  a  characteristic 
of  the. header  and  heat  exchanger  matrix  system  and  not  of  the 
headers  alone,  if  the  matrix  pressure  drop  is  large  relative 
to  the  pressure  changes  in  the  headers,  the  influence  of  the 
headers  oh  flow  distribution  will  be  minor.  In  the  case  of 

w1  .  >  ’/  ~  "•> 

the  test  system,  the  pressure  change  in  the  matrix  is  approxi- 
iSc tel jf  2  h^  (see  Table  3).  This  is  of  the  same  order  of 
magnitude  as  the  pressure  changes  in  the  headers  ana,  as  a 
consequence,  header  performance  has  an  important  influence  on 
the  flow  non-uniformity  factor.  It  is  believed  that  this 
situation  is  typical  of  gas  turbine  plane  regenerators  and 
intercoolers  and  many  other  gas  flow  heat  exchanger  systems. 

Header  Performance 

The  eight  header  configurations  tested  are  listed  in  the 

first  column  of  Tabl.  4.  The  main  test  conditions  and  the 

header  performance,  as  characterized  by  the  loss  AP^/h^  and 

the  flow  non-uniformity  (5v  /v  )  are  also  tabulated. 

m  m,ave  ave 

Representative  graphs.  Fig?;  10-17,  all  for  a  nominal  mass 
flow  rate  of  3000  Ibs/hr,  provide  the  pressure  profiles  and 
the  associate  matrix  flow  distribution.  For  all  these  tests, 
pj/p0  can  be  treated  as  unity  for  comparison  with  the  theory 
predictions. 

The  four  single-pass  parallel  flow  configuration  tests 
will  be  considered  first.  The  approach  of  the  actual  inlet 
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header  shape  for  runs  ?Dj  51,  and  52,  the  so-called  "theory® 
inlet  shape,  to  the  geo  retry  specified  by  Ho.  (5)  for 
z^/70  =  1  and  9*/p0  =  1  ,  is  reported  in  Fig.  13.  Departures 
on  the  Order  of  3  percent  (of  z,  )  cay  be  noted.  Hsis  lack 
cf  agreement  undoubtedly  contributes  to  the  nonr-unifornity 
magnitude,  averaging^  about  3-6  percent. 

The  reduced  flow  area  in  the  regions  of  £  —  0.7  uas 
considered  to  be  the  rain  contributing  factor  (see  Fig.  1C) 
so  for  runs  22,  23,  and  2%  a  0.02-inch  thick  frees  was  used 
to  produce  the  codified  theory  gee  re  try  reported  in  Fig.  19. 

The  resulting  non-uniformity  was  reduced  to  2  percent.  It  is 


evident  however  from  Fig.  11  that  for  X  >  0.9  the  flow  area 
is  too  great  so  that  ?.(X)-<]r^  fc  does  not  drop  off  enengh  to 
match  the  ?(X)outlefc  profile  in  this  region.  It  is  believed 
on  the  basis  of  this  evidence  that  a  closer  approach  to  the 
theory  geometry  of  So.  (5)  would  indeed  provide  for  better 
flow  uniformity.  However,  for  most  exchanger  applications  a 
non-uniformity  factor  of  5  percent  would  probably  be  acceptable 
and  this  can  be  achieved  if  dimensions  are  maintained  to  r  2 
percent  of  z.,  and  care  is  taken  not  to  block  off  the  small 
flow  area  region  for  X  >  0.7  . 

The  outlet  header  pressure  profile  for  the  theory  and 
modified  theory  inlets.  Figs.  10  and  11,  -very  closely  match 
the  theory  prediction  of  Eq.  (2);  A?oytlet/^i  is  V!Sry  ciose 
to  the  (tt2/4 }  =  2.4.7  from  Ea.  (2).  The  header  loss  AP^/h^ 
averages^  out  to  be  2.30  which  is  7  percent  below  the  theory 
prediction  of  Eq.  (12) .  This  difference  may  be  a  boundary 
layer  effect  as  there  is  evidently  a  trend  upwards  for  AP,/h. 

v  A 

with  increasing  flow  rate.  A  flow  rate  of  ci>  =  2000  Ibs/hr, 
run  No.  50,  corresponds  to  an  inlet  Reynolds  No.  (based  on 
the  hydraulic  diameter  of  A.  )'  of  approximately  90,000. 
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In  the  following  discussion  where  three  test  runs  in  a  set 
are  being  evaluated  arithmetic  average  values  will  be  used. 
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gjg  trlscgolcr  Leader  shape  is  described  in  Fig.  19. 

H2IES  31,  32,  and  33,  in  Sable  5,  show  that  the  non-uniformity 
averages  10  percent,  substantially  poorer  than  the  performance 
of  the  theory  "shape-  of  2  to  4  percent.  Fig.  12  shows  the 
pressure,  profiles  and  the  velocity  distribution.  Clearly 
gross  departures  .from  the  theory  shapes  result  in  serious 
flew  non-uni foralties  and  to  accentuate  this  point  with  a 
box  header,  ran  10  and  Fig.  13,  a  21  percent  boh-uniformity 
results.  2S6te,  however,  that  compensating  somewhat  for  the 
hdn-uniforaifcy  of  flow  distribution  through  the  matrix  the 


header  loss,.  AFt/h,  ,  is  reduced  substantially  from  the  theory 

1/  JL  T  .  '  J  " 


value  of  2.&7.  This  point  illustrates  the  fallacy  of  using 
header  loss  .as  a  criterion  of  design  excellence .  She  lower 
loss  is  obtained  only  at  the  expense  of  the  calx*  function  of 
the  headers,  namely,  to  provide  for  close  to  uniform  flow 
through  the  heat  exchangers. 

She  three  single-pass  counter  flow  configurations  listed 
in  Sable  4  will  now  fee  considered.  She  situation  with 


z_,/yo  =  -  O.636  represents  the  theory  shape  when 


P0/p±  =  1 , 2q.  (10) .  As  can  fee  seen  from  the  entries  for 
runs  Nos.  53,  5-4,  and  55  the  flow  hoh-uniforGiiy  factor 
averages  at  4  percent  which  is  considered  to  be  quite  acceptable* 


and  the  header  head  loss  is  APi/hi  =  0.62  in  comparison  to 


the  theory  prediction  of  0.60,  Ea.  (13).  rig-  I*  shows  the 
flow  distribution  and  pressure  profiles  typical  for  this 
header.  She  pressure  drop  in  -the  outlet  header 

From  the  theory  Eq.  (7) 


^outlet/*1!  "  1*°3 


A? 


outlet 


ZAP. 


fii 


1  4 


Thus  the  agreement  is  quite  excellent. 

The  second  set  of  data,  runs  45,  46,  and  47,  serves  to 
demonstrate  the  influence  of  departing  from  the  theory  speci- 

N/ 

fications.  The  inlet  header  area  is  "oversized"  by  the  ratio 
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(0.713/0*636)  -1  -  12  percent.  As  can  be  seen  from  Sable  4 
entries j  the  flew  non-uniformity  is  increased  from  4  to  6 
percent.  The  outlet  header  drop  (AP  is  increased 

from  1.03  to  1.25i  but  when  normalized  relative  to 


n 


becones  (A?_  */h  )  =  (1/0.713)^  x  1.25  =  2.45  which 

OU  pJLc  u  O-  p 

closely  approximates  the  v /4  =  2.47  of  the  outlet  header 
flow  theory,/ Eg.  (7)-  She  header  loss  (AP^/h, )  =  0.82  when 
it  is  normalized  relative  to  h^  ,  but  as  h.,  is  decreased 

O  TT  * 

by  (0.713/0.636)  -  1  =  26  percent,  is  only  increased 

by  5  percent. 

The  third  set  of  data,  runs  38,  39,  and  40,  illustrates 
the  effect  of  a  substantial  qversizing  by  (0.97/0.636)  -  1  = 
53  percent.  How  the  average  flow  non-uniformity  factor  is 
significantly  greater  at  11.5  percent.  The  outlet  header  drop 

<A?011tlet/ho>  =  <A?oatlet/hl>  <  W  =  (2.46)  (1.063)  =  2.62 
and  this  is  within  6  percent  of  the  theory  prediction,  of 

p 

7T  /4  =  2.47  .  Clearly  the  theory  boundary  condition  of 
v^  =  constant  is  not  approximated,  but  nevertheless  the 
agreement  is  good.  As  a  matter  of  interest  the  parallel  flow 
situation  with  the  triangular  inlet  header,  runs  31,  32,  and 
33,'  show  about  the  same  non-uniformity  factor  (10.2  percent 
average)  and  A?outl ej/ho  =  2*^7  is  also  the  same.  A  com¬ 
parison  of  Figs.  12  and  16  reveals  a  strong  similarity  in  the 
character  of  the  non-uniform  v  distribution.  The  header 

JTJ 

loss  for  the  oversized  inlet,  counter  flow  configuration, 
(AP^/h^)  =  1.27  ,  but  because  of  the  lower  ,  in  the  ratio 
(0. 636/0. 97)2  ,  the  A?t  is  actually  lower  than  for  the 
theory  shape  by  14  percent.  So  again  at  the  expense  of  the 
primary  function  of  the  header,  namely  uniformity  of  flow 
distribution,  a  lower  loss  may  be  realized. 

The  last  header  configuration  listed  in  Table  4,  run  49, 
is  the  two-pass  parallel  flow  configuration  with  single-pass 
theory  shaped  inlets  and  box  headers  for  eac-h  pass.  Fig.  17 
provides  the  pressure  profiles  and  the  flow  distribution. 
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In  comparison  to  the  comparable  si-igle-pass  configuration, 

run  *jlj  the  first-pass  behavior  remains  essentially  unchanged 

but  the  second -pass  reveals  a  20  percent  lexer  loss  with  a 

one  point  increase  in  the  non- uniformity  from  4.2  to  5.2 

percent.  Before  the  tests,  it  was  anticipated  that  the  highly 

skewed  velocity  profile  uQ (y)  ,  see  Fig.  9,  entering  the 

second  pass  would  tend,  to  (a)  increase  the  noh-unifornity 

significantly  and  (b)  increase  the  head  loss  for  the  second- 

pass.  The  contrary  resulted.  The  small  increase  noted  for 

the  non-uhiforoity  cay  hot  be  significant.  The  substantial 

reduction  of  head  loss  can  be  rationalised  by  the  fact  that 

of  the  AP^/hj  =  v2/4  =  2.47  predicted  by  the  theory  for  the 

first  pass,  0.645  (26  percent)  is  assigned  to  the  exit  header, 

Ha.  (l4),  and  this  is  really  a  "bookkeeping”  loss  of  kinetic 

energy  associated  with  the  convention  of  using  the  bulk  average 

velocity  to  calculate  flow  stream  kinetic  energy.  Clearly 

cost  of  this  excess  kinetic  energy  is  not  lost  in  the  inlet 
* 

header  to  the  second  pass.  The  heat,  exchanger  designer  will 
welcome  this  fortunate  circumstance.  It  also  suggests  that 
for  single-pass  configurations  substantial  non-uniformity  in 
the  inlet  header  velocity  profile  can  be  tolerated  and  may 
even  prove  desirable i 

Good;  experimental  verification  of  the  theory  for  the 
oblique  flow  inlet,  free  discharge  configuration.  Has.  (l6) 
and  (17)  is  reported  by  Loeffler  and  Eerlmutter  (4)  and  these 
same  results  aire  reported  in  (2) . 


APPLICATION  10  DESIGN 

It  is  evident  frbs  the  test  results  that  Eos.  (2)  to 
(6c.)  for  the  parallel  flow  and  Eqs.  (7)  to  (lie)  for  the 
counter  flew  configuration  can  be  used  as  a  basis  for  design. 
The  test  results  of  the  theory  shaped  headers  support  both 
the  idealizations  of  the  analysis  and  the  resulting  design 
equations .  Also  the  analysis  of  flow  stream  mechanical  energy 
losses  chargeable  individually  to  the  inlet  and  exit  headers, 
Eqs.  (12)  to  (I5c)  are  supported  by  the  test  results.  More¬ 
over,  the  noff  theory"  header  tests  illustrate  the  type  ana 
magnitude  of  the  penalty  to  be  paid  in  terms  of  non-uniformity 
of  flow  over  the  heat  exchanger  surfaces. 

The  purposes  of  this  section  are  to  illustrate  the  header 
sizing  procedure  by  a  specific  example  and  to  discuss  other 
design  considerations. 

In  Ref.  (5)  an.  example  is  presented  for  the  design  of  a 
cross-flow  regenerator  core  for  a  5000  hp  gas  turbine  plant. 
The  following  relevant  information  is  extracted  from  this 
example  for  the  purpose  of  designing  the  headers  for  the  com¬ 
pressor  air  flow  which  is  heated  on  passing  through  the 
regenerator. 

Regenerator  effectiveness  e  =  75# 

Air-tSide  core  pressure  drop  AP/P.^  =  0.42# 

Air  flow  densities  p^  =  0.438  lbs/ft3 

=  0.300  lbs/ft3 
Pj_# P0  * 

Matrix  frontal  area 

Air  flow  rate 

Inlet  air  pressure 


Am  «•  3^x7. 5’  =  22.5  ft' 


cu=193,000  lbs/hr=53.7  lbs/sec 
Pi  =  132  psia 

For  the  single-pass  parallel  flow  header  design,  it  will  be 
specified  that  the  inlet  header  initial  velocity 


ui  =  100  ft/sec  and  that  the  exit  header  will  be  sized  so  as 


to  ma^e 


h  =  h. 
o  i 


Under  these  conditions 
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V 
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19% 


v^' 


i 


.0  .  - 


U-, 


hv  =  ii±  =  =  68.0  #/ftf  =  13.1  "H20  =  0.4.72  #/in 


2 


-A  _  L 

•i,  ,  ;*  '' 


=.  1.225  ft? 


u  =  l/2g„h' /p-1^  =  121  ft/sec 

0.3  ave.  .  -  c/  o  ro  - 


CD 


=1.48  ft 


2 


.  -»  -  0  '  Pouo,.ave 
5  A,/A^  =  0*828 

For  the  single-pass,  counter  flow  header  design,  it  is  only 
necessary  to  specify  u.,  ,  taken  as  before  as  100  ft/see. 

One  cannot  impose  an  arbitrary  .relationship  between  hQ  and 
,h.  as  this  condition  is  fixed  by  the,  theory  Eq..  (lie) .  In 
applying  the  theory  the  ratio  ,  z±/yQ  will  be  taken  as 
equivalent  to  A^/A^  The  implication  is  that  the  x-seetion 
of  the  headers  need  not  be  rectangular  as  specified  in  Figs. 

3  and  4,  representing  the  mathematical  models.  It  is  believed 
that  this  is  a  valid  approximation  for  smoothly  contoured 
header  walls-.. 


:%T\ 


Parallel  Flow  Header 

From  Eq.  (6c)  with  h( 
2 

=  1  and 


la) 

!M 

VPo 

lAol 

0  "i 
A 
A 


“i  _  rr  • 

r  -  yrM  ■ 


=  0.828 


This  checks  the  previously  derived  result. 
Introducing  Eq.  (6c)  into  Eq.  (5)  yields 


Z  = 


[Pi1 

1/2 

’  2 
X 

\Poj 

W~ 

(1  -  X) 


2  ^i 

x  +Hi 


T72 


With  h.j/h0  =  1  the  following  tabulation  for  the  header 
shape  results 
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*V,t 


V'*><  ^ 


0.13* 


A  ft 


1.225  0.855  0.480  0.198 


x  for 
L  =  7.5  ft 


1.875  3.75  5.62 


The  header  loss  may  he  evaluated  froa  Eq.  (12) 


h 

^  =  i^r  k2  + 1  =  2.47 


*  =  . 0.883* 


From  Eq.  (14)  the  exit  header  loss  is  0.645  hQ  =  0.645  h^  ; 
26  percent  of  the  total.  From  Eq.  (15)  the  inlet  header 
loss  is  1.822  h^  or  74  percent  of  the  total. 


Counter  Flow  Header 


From  Eq.  (lit 


u 

S7  -  %  -  °-S°5 

1  TT 


With  ui  specified  as  100  ft/secy  =  68  #/ft2  so 


hc  =  27.5  #/ft2 


~  =V  jrV!r  =  Vo.4051  Vl.46*  =  0‘.  770 

i  i  "o 


uQ  =  77  ft/sec 


p  u2 
*  o  o 


=  no 


=  h  =  -BT7"'  =  27 -6  #/ft2  (check) 


From  Eq.  (10) 


Z  =  con 


stant  =  ~  =  ~  ,=  O.636  ”\/~  =  0.526 


■  ^ *; v  9  *  <  <*  - 


.<v  -y 


V-  v*r  •'V-5'  *’*>  w y  •; 

•  -i-.  '  --*■ 
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?' ,V<je'/SaT_-v^'s*  -s'  -S', 


For.  h±  -=1.22p  ft2  (tfit-h  ui:  =  100  ft/sec) 
Aq  =  2.33  ft2 
Frpa  Eq.  (13)  ' 


From  Eq.  (l4)  the  exit  header  loss  is  0.645  hQ  =  0.645  x 
0.405  hi  =  0.261  h.,  or  44  percent  of  the  total.. 

-From  Ea.  (15  c)  the  inlet  header  loss  is  0.333  h±  or 
56  percent  of  the  total. 

The  parallel  flow  and  counter  flow  designs  are  compared 
in  the  following  tabulation. 

Parallel  Counter 

Flow  .  Flow 


Inlet  velocity 

ui,  ft/sec 

100 

100 

Exit  velocity 

uc,ave*  ft/sec 

.121 

77 

Inlet  area 

A> ,  ft2 

1.225 

1.225 

Exit  area 

-  O 

V  ft 

1.48 

2.33 

m  tf'  \ 

See  tabula¬ 

Constant 

Inlet  header  area 

A(x) 

tion,  p.  19 

at  A± 

' 

Constant 

Constant 

Exit  header  area 

A(x) 

at  Ap 

at  A 

0 

Header  losses 

AP/hi 

2.47 

0.595 

- 

0.883 

0.213 

Fraction  for  inlet  header,  % 

74 

56 

Fraction' for  outlet  header,  %  26  44 

As  a  point  of  interest  it  is  noted  that  for  the  parallel  flow 

design  the  header  loss  of  0.88  percent  exceeds  the  calculated  * 

heat  exchanger  surface  pressure  drop  of  0.42  percent  (Ref.  (5)* 

p.  256)  by  more  than  two-fold .  It  is  also  clear  that  the  * 

counter  flow  design  though  somewhat  more  bulky  (see  the  AQ 


\.W 


comparison)  is  very  much  to  be  preferred  if  the  machinery 
arrangement  will  allow  this  configuration. 

Because  the  core  pressure  drop  is  small  relative  to  the 
pressure  changes  in  the  headers,  in  the  ratio  of  0.42/0.88  = 
0.48,  the  header  performance  can  be  expected  to  have  a  greater 
influence  on  the  non-uniformity  factor  than;  for  the  tests, 
for  example,  where  the  ratio  Was  on  the  order  of  0.8.  Con¬ 
sequently  .the  designs  summarized  above  can  be  expected  to 
have  larger  flow  non-uniformities  of  the  order  of  5  percent 
in  comparison  to  the  test  results  of  2  to  4  percent. 

•Moreover,  for  the  parallel  flow  design  the  inlet  header 
dimensions  must  adhere  fairly  closely  to  the  theory,  say  +  2 
percent  of  Ai  ,,  as  in  Figures  18  and  19.  For  the  exit  header 
no  such  precision  is  required.  Both  box  headers  for  the 
counter  flow  configuration  are  less  sensitive  to  off-specifica¬ 
tion  dimensions  in  terms  pf  the  non-uniformity  factor. 

Both  designs  can  probably  tolerate  fairly  non-uniform 
inlet  velocity  conditions  without  too  much  of  a  penalty  in 
flow  non-uniformity. 

As  a  point  of  interest  the-  inlet  header  for  the  theory 
counter  flow  system  is  functioning  as  a  very  high  area  ratio 
diffuser  with  only  a  33.3  percent  loss  (67  percent  efficiency)1, 
Eq.  (15c) . 

It  appears  that  the  single-pass  counter  flow  header 
theory  could  be  used  to  design  a  sharp  return  bend  for  a 
relatively  small  loss  of  about  0,60  hi  by  using  a  low 
resistance  matrix  such  as  HEXCEL  (one  or  two  inches  flow 
length)  to  function  as  turning  vanes. 

The.  test  performance  of  the  two-pass  parallel  flow  con¬ 
figuration  Indicates  that  the  single-pass  theory  provides 
quite  a  good  basis  for  design  as  indicated  by  the  test  flow 
non-uniformity  factors  of  only  about  5  percent.  This  is  a 
result  of  the  lack  of  sensitivity  of  header  performance 
(second  pass  inlet)  to  a  skewed  inlet  velocity  profile. 
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*  , SUHKARY  AND  CONCHISIOHS 

'  -  -  O  -  *  '  '  ;  '  * 

S'le^sreyigus  text  deals  with  the  design  of  single-pass 
header  systems  of  .the  parallel  flow  and  counter  flow  typ'es. 

Both  the  theory  ana  test  results  are  presented.  Based  on 
this  information  the  following  conclusions  result. 

/  '  1.  Ah  adequate^  design  basis  for  single -pass  parallel 
flow-  .tnd  counter1  flow  header  configurations  now 
exists;  , that  is;,  optimum  geometries  can  be  speci¬ 
fied,  expected'  losses  estimated  and  reasonably 
good  flow  distribution  uniformity  over  the  heat 
exchanger  surfaces  can  be  anticipated., 

J  >  3 

2.  Parallel  flow  headers  will  have  losses  of  the 
order  of  four,  times  that  of  counter  flow  configura¬ 
tions  . 

3.  The  header  performance  is  believed  to  be  relatively 
-  insensitive  to  inlet  velocity  distribution.  This 

tentative  conclusion  needs  further  experimental 
verification. 

4.  Close  adherence  to  the  theoretical  shape  is  necessary 
for  the  parallel  flow  design  but  no  such  close 

'tolerances  are  required  for  the  counter  flow  con¬ 
figuration  .. 

5„  A  two-pass  parallel  flow  header  can> be  designed 

using  single-pass  theory  largely  because  of  item  (3). 

6.  The  influence  of  flow  non-uniformity  on  heat  exchanger 
performance  deterioration  can  be  calculated  in  specific 
instances:  using  an  extension  of  the  heat  exchanger 
design  theory  presented  in  (5)«  Generally  the  penalty 
is  greater  for  high  design  effectiveness,  for 
Cmin^max  aPProachinS  unity  and  for  situations  where 

a  "high"  for  one  fluid  stream  is  opposite  a  "low"  for 
the  other  fluid  stream. 

7.  Using  the  design  basis  presented  in  this  report. 
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average  deviations  from  flow  uniformity  can  be 
expected  to  be  better  than  +  5  percent. 

8.  The  oblique  .flow  Inlet,  free  discharge  configuration 
described  in  APP5303X  I,  fig.  1-3  may  be  of  special 
interest  to  air  conditioning  as  well  as  gas  turbine 
heat  exchanger  designers .  Header  losses-  are  inter¬ 
mediate  to  the  counter  flow  -and  parallel  flow  con¬ 
figurations  . 
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TABLE  1 

HEADER  GEOMETRIES 


>  * 

~ 

u 

z±  or  yQ 

:  inches 

’■  -;  •>  .  '.'  ::'  f  -."  ’ 

INLET  HEADERS 

Theory  shape 
(Fig.  18) 

< 

2.06 

Modified  theory  shape 
(.020"  frame.) 

(Fig.:  19) 

2.08 

Triangular 
:  (Fig.  IS) 

2.06 

Box  (0.636  ratio) 

1.35 

Box  (O.713  ratio) 

:  1.51 

Box  (0.97  ratio) 

2.06 

EXIT  HEADERS 

Box  for  parallel  flow, 
counter  flow  and  second 
pass  of  2-pass  parallel 
flow 

2.12 

Box  for  first  pass  of 
2-pass  parallel  flow 

2.10 

8.25 

0.97 

8.17 

0.98 

8.25 

0.97 

12.60 

0.636 

11.25 

0.713 

8.25 

0.97 

(8.00) 

(8.10) 

v-  v;*V»  v,  w?'*'  .  , •  v,»  " 

J  ,  -  '  ‘J  v.,y  .  ’J'  >■  A »  .  2  V 


'  V/'  f)  >  . 


'.  *,  ■  o  *?;*  ,  -  *- 


•^:'  x*%svsi^':o. w^j^V-t 


».  £  ',-*A  V  '  *“S‘i  ^  ‘  „  V  <- -w  V  £  V  '  -C.  V,  '' 

**  **•  ’ '  r  _  .''*  v  ^  _  'i  y  V  -,'  -VA  , , 

'■‘  tf4'  '-  v  - -«=>-^V'».v  .15%^!^; 


TABLE  2 

MATRIX  GEOMETRY 


No.  of  screen  layers 

Frontal  area  (17 .0"  x  10.0" ),  Am  ft2 

Mesh  designation  per  inch 

Wire  diameter,  inches 

Estimated  porosity,  p 

p  O 

area  density,  a  ft  /ft- 
hydraulic  radius,  rh  ft 
flow  length,  L  ft 
L/r. 

(l)  ^ 

v  'Flow  area  to  header  area  ratio,  p  A  /A. 

m  i 

Stiffeners  (HEXCEL)  Flow  length,  inches 

cell  sizfe,  inches 
wall,  inches 


35 

1.18 

24  x  24.5 
0.0135 
0.725 
980 

0.740  x-  lp**3 
0.0787 
106.5 
5.98 
2  x  1.00 
1/8 
0.002 


TABLE  3 

PREDICTED  CORE  PRESSURE  DROP 


Nominal  Flow  Rate,  o>  lbs/hr 

2000 

3000 

4000 

'  'Mass  Velocity, 

G  lbs/hr  ft2  , 

2340 

3500 

4670 

Reynolds  No., 

(2) 

v  'Friction  facte 

nr 

157 

235 

314 

>r,  f  =  0(NR,p) 

0, 

,61 

0,53 

0.48 

U,APmatrix/hi  = 

f(i/rh)(Ai/pAm)2 

1. 

,82 

1.58 

1.43 

0  j 

'Based  on  p  Am  as  the  flow  area. 
(^From  ref.  (5),  Fig.  7-9,  p.  130. 
^Based  on  A±  =  0.143  ft2  ,  see  Table  1-. 
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Parallel -Flow 

5£> 

1557 

0.615 

4.54 

2.29 

2.34 

2.25 

3.4 

"Theory'  Islet  *nd 
to*  exit.  ' 

'51 

3030 

1.42 

4.30 

„  -N 

1.33 

2.46 

2.32 

3.3 

w-v 

52 

3935: 

2.43 

4.27 

1.83 

2.50 

2.39 

4.6 

Parallel  Flew 

22 

2003 

O.&I 

4.46 

2.25 

2-35 

2.20 

1.9 

"Theory?  Inlet  +.020* 
spacer  and' box’ exit. 

23 

3015 

1.45 

4.30 

2.65 

2.52 

2.55 

2.24 

1.3 

VAo  “  1 

2? 

3970 

2.53 

4:26 

l.SO 

2.35 

2.2 

Parallel'Flcw 

31 

2010 

0.632 

4.00 

2.29 

2.34 

1-71 

3.3 

Triangular  Islet 
and  box  exit. 

32 

30i0 

1.425 

3.55 

2.64 

2.56 

1.92 

11.0 

V*o  ”  r 

33 

4015 

2.55 

^.81 

1.86 

2.52 

1.55 

ii.4 

Parallel  Flew 

_ 

Box  inlet -and 

10 

3000 

1.42 

3-50 

1.97 

2.75 

1-53 

21.0 

box  exit.  Aj/A^  «  1 

Counter  Flow- 

53 

1992 

1.42 

1.00 

0.93 

0.97 

0.S15 

3.0 

Box  Inlet  and 
box  exit. 

VAo  “  °'636 

5* 

55 

3010 

$005 

3-23 

5.91 

0.-50 

0.84: 

0.83 

0:81 

1.03 

1.06 

0;6l5 

0.623 

4.4 

4.6 

Counter  Flow 

*5 

2005 

1.162 

^-58 

1.23 

1.23 

0.80 

4.5 

Box  Inlet  and- 
box  exit. 

46 

3015 

2  .64 

1.40 

1.08 

1.23 

0.82 

6.2 

Al/Ao  "  °-713 

$7 

3985 

4.68 

1.35 

1.02 

1.30 

o.83 

6.4 

Counter  Flow  - 

3? 

2015 

0.635 

3.44 

2.22 

2.37 

1.22. 

9.8 

Sox  Inlet  and 
box  exit. 

39 

2997 

1:417 

3-20 

1.92 

2.45 

1.28 

11.6 

VAo  “  O*97 

*0 

3985 

2.53 

3.13 

1.83 

2.55 

1.30 

13.1 

fm£T  iiStif 

2-Paaa  Parallel  Flow 

48 

2000 

O.618 

4.57*1) 

2.26 

2.31 

2.31 

■».5 

Plrat  paaa:  "Theory" 
Inlet  and  box 

4.05(2) 

2.27 

2.23 

1.78 

5.1 

exit. 

Second  paaa:  Theory" 

49 

3012 

1.42 

4.27(x) 

1.98(x) 

2.38(1) 

2.294) 

4.2(1) 

Inlet  and  box 
exit. 

3.78(2) 

1.92(2) 

2.36(2) 

1.86'2) 

5.2'2) 

(■^Flrat  paoo  only. 
^Second  paaa  only. 


A  folded  core  concept 
involving  oblique  flow 
headers . 


The'  single-pass  parallel  . 
flow,  single-pass  counter 
flow  and  two-pass  parallel 
flow  configurations. 


Fig.  3 

The  mathematical  model 
for  the  single-pass 
parallel  flow  configura¬ 
tion. 


Fig.  4 

The  mathematical  model 
for  the  single-pass 
counter  flow  configura¬ 
tion. 
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’  '  ’  Fig/  5 . 

The  test,  system  flow 
•-  diagram.  ’All 'dimensions 
.  '  '  o  are  in  inches. 


Fig.  6 

General  view  of  the 
test  system  for  the 
parallel  flow 
.experiments . 


Fig.  7' 

The  header  and  ducting 
test  systems  arrangement 
for  the  counter  flow 
experiments . 


Fig.  8 

The  screen  matrix  and 
the  HEXCEL  stiffeners, 
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Fig/  9 

The  skewed  velocity1  profile  at 
the  exit  pf  the-  outlet  of  the 
;  theory  shaped  box  header,  Eq-.  (3a), 
compared  with  test  results .- 


.Fig.  10 

Header  performance  for  the  theory 
shaped  Single^pass  parallel  flow 
Configuration  at  id  =  3030  Ibs/hr. 
Run  No.  51.  See  Table  4  and  Fig. 
18  for  other  details.  Note  the 
one-dimensional  behavior  of  P  . 
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INLET  HEADER 


EXIT  HEADER"  BOX 


Fig.  12 


Fig.  11. 

Header-  performance  for  ^ 
'the. modified  theory 
-  shaped  single-pass 
parallel  flow  configura¬ 
tion  :afc  cb  =  .3015  Ibs/hr. 
Run  Ho.  23.  See  Table  4 
and  Fig.  19  for  other 
details . 


Header  performance  for 
the  triangular  shaped 
inlet  single-pass 
parallel  flow  eonfigura- 
J  tion  at  cu  =  3010  lbs/hr . 
Run  No.  32.  Se4  Table" 4 
and  Fig.,  19  for  other 
details 


Fig.  13  * 

Hea.der  performance  for 
the  box  r.haped  inlet 
single -pass  parallel 
flow  configuration  at 
cd  =  3000  lbs/hr.  Run 
No.  10,.  See  Table  4 
for  other  details. 


Fig.  14 

Header  performance  for 
the  theory  shaped 
Aj/A0  =  O.636,  single¬ 
pass  counter  flow 
configuration  at 
■cd  =  3010  lbs/hr.  Run 
No.  54.  See  Table  4 
for  other  details. 
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Header  performance  for  the  oversized } 
A±/A0  =  O.713 j  single-pass  counter 
flow  configuration  at  cd  =  3015  lbs/hr. 
Run  No:  46.  See  Table  4  for  other 
details.. 


Fig.  16 

Header  performance  for  the  very  much 
overs j  zed,  Aj/A0  =  0.97  ,  single-pass 
counter  flow  configuration  at 
o>  =  2997  lbs/hr.  Run  No.  39-  See 
Table  4  for  other  details. 


Fig.  17 

Header  performance  for  the  two-pass 
parallel  flow  configuration  with 
headers  shaped  according  to  single¬ 
pass  theory  at  to  =  3012  lbs/hr. 

Run  No.  49.  See  Table  4  for  other 
details. 
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Actual. geometry  of  inlet  header 
used  in  runs  50.,  51  and  52  compared 
to  the  theory  Plq.  (5) .  See  Table  i 
for  other  details. 


Pig.  19 

Actual  geometry  of  the  inlet 
header  of  Pig.  18  modified  with 
a  0.020  inch,  frame  as  used  in 
runs  22.,  23,  and  24.  Also  the 
geometry  of  the  triangular 
shaped  inlet  header  as  used  in 
runs  31*  32  and  33. 


FIGURE  19 


APPENDIX  I 

ANALYSIS  OF  OBLIQUE  FLOW  MODELS 

The  analysis  presented  here  was  first  developed  by  Heyda 
(3)  for  the  counter  flow  configuration.  This  method  of 
analysis  was  then  used  by  Wolf  (1)  for  the  parallel  flow 
configuration.  The  repetition  in  this  appendix  Is  for  the 
purpose  of  summarizing  the  two  solutions  and  the  methodology, 
using  a  uniform  nomenclature,  for  the  convenience  of  the 
reader. 

The  header  models  analyzed  are  described  in  Figs.  1-1 
and  1-2.  The  outlet  header  analysis  will  apply  to  both  con¬ 
figurations  and  will  be  given  first.  Then  the  inlet  header 
for  the  parallel  flow  configuration  will  be  analyzed  followed 
by  the  inlet  header  for  the  counter  flow  configuration. 

The  outlet  shape  is  specified  as  rectangular 

Y(X)  =  1 


and  the  pressure  profile  is  derived  for  a  uniform  velocity 
leaving  the  matrix,  assuming  pressure  a  function  of  X  only, 
but  allowing  the  streamline  velocity  to  be  a  function  of  x 
and  y  .  Then  the  inlet  header  shape  is  selected  to  provide 
a  P(x)  which  matches  the  exit  header  profile  thereby  rnain-r 
taining  a  constant  AP  and  a  uniform  flow  distribution 

(vm  =  constant)  through  the  matrix,  see  Figs.  3  and  4. 

Outlet  Header 

When  the  Navier-Stokes  equations  are  expanded  for  steady, 
constant  density,  inviacid  flow,  the  y-gradient  of  the  pres¬ 
sure  may  be  expressed 


ap  po 

3?  ■«? 


u 


dv 

3x 


+  v 


dv 


(l-l) 


But  as  P  is  specified  to  be  a  function  of  x  only,  the 
y-pressure  gradient  is  zero, and  this  condition  imposed  on 


Eq.  (l-i)  deads  to 

•  •  -■  v  =  constant  (=v  )  z  (l-2) 

-  ...  -  '  nr  - 

The  Na vie r-S token  equations  may  also  be  integrated  along  the 
streamline  originating  at  point  t  of  Pigs ;  i-l  and  1-2  to 
yield  the  Bernoulli  equation  for  incompressible  flow 

?{*):  +  ^§-(u2  +  v?)  =  ?{t)  +  ~  v?  ; 

in  light  of  Eq.  ‘(l-2)  this  reduces  to. 

"  ’  E(t)  -  P(x>  =  p 0|-  (1-3) 

From  the  conservation  of  matter  principle ,  for  density  a 
constant,,  applied  to  the  stream  tube  bounded  by  the  streamlines 
originating  at  t  and  t  +  dt  *  (using  the  coordinates  of 
Fig.  I-l) 


-  (u  dy)  =  vffldt  (1-4) 

Using  this  result  for  u  and  substituting  into  Eq.  (1-3) 
yields 


-  ay  -  vm  Vp0/2e( 


-dt 


V  P(t)  -  p(x)L 


(1-5) 


This  equation  may  be  integrated  to  yield  the  wall  contour 
ywan(x)  by  integrating  between  the  limits 


for  t=0,y=  ywall(x) 

for  t  =  x,  y  =  0 


Tuus, 


ywaU(x>  =  l  '  dy 
ywall(x) 


dt 


f-  vf (— -  "piry 


(1-6) 


Also  v  L  =  u  y 

m  o,ave  Jo 
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This  is  a  Volterra  improper-  integral  equation  which  has  been, 
solved  by  He^a  for  some  simple  header  shapes*  ywan(x)  (3). 
For  the  box  header  shape  *  considered  here  y 
and  the  solution  yields 


wall 


wall’ 

is  constant 


P(x  -=  6)  -  P(x)  —  p 


u 


Ojave 


ir2 

W 


hox 


f) 


(i-7) 


If  the  origin  for  x  is  taken  at  the  outlet  header  section 
farthest  away  from  the  exit*  this  result  will  apply  for  the 
outlet  box  header  for  both  the  parallel  and  counter  flow  con¬ 
figurations  Figs.  1-1  and  1-2. 

With  the  pressure  profile  known  one  can  determine  the 
exit  velocity  uQ  as  a  function  of  yx_^  (Fig.  1-1  coordinates) 
From  the  Bernoulli  equation  (1-3) 

P(t)  -  P(L)  =  p0  5- 


x=L 

a2 


:(!-«) 


But 


-  P(l)  =  [t p (0)  -  P(t)j  -  ip(o)  -  ?(t)]j 


IT2  . 

r~  ho 


r~  ho 


r-  ho  <e> 


i  -  t|) 


2 


(1-9) 


from  Eq.  (l-7).  Equating  (l-8)  and  (1-9) 


u 


u 


o.,  ave 


si 


(1-10) 


The  box  header  provides  the  smallest  pressure  drop  for  a 
given  exit  area. 
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Introducing  uQ  from  the  continuity  equation  (1-4),  separating 


variables  and  integrating 


y  w  yn  1 

-l  •«%*■*■  li rt 


dt 


The  result,  is 


<x=L 

y k' 


1  -  |  sin^1  f 

7T  "  •  -L 


(1-11) 


Solving  for  (t/L);  and  substituting,  iri  Eq.  (i-lQ)  yields  the 

desired1  exit  velocity  u-  ’  as  a  function  of  y 

o  J  x=L 


u 


u 


o,ave 


7 r .7 r 

=  g  cos  ^ 


(1-12) 


This  equation  may  be  used  to  relate  the  actual  exit  kinetic 
energy,  rate  to  the  nominal  value  calculated  from  the  bulk 
average  velocity.  The  result  is 


<KBo/m)actual 
‘  (  VPq) 


(u3y 
V  o'ave 


(u  ) 
v“o,ave' 


I 


■  16  L 


sin  30 


+  3  sine 


ir/2 

Jo 


=  I- =1.645 


(1-13) 


where  9  =  ^ 


1  - 


y_ 


Equations  (l-7),>  (l-12),  and  (l-13)  are  the  important 
results  for  the  exit  box  header  used  for  both  the  single-pass 
parallel  flow  and  counter  flow  configurations..  The  idealiza¬ 
tions  and  specifications  involved  are  as  follows: 

1.  Constant  density  flow,  p  =  pQ  . 

2.  The  flow  through  the  matrix  is  uniform,  v  =  constant. 

m 

3.  Pressure  is  a  function  of  x  only. 

4.  Zero  flow  stream  mechanical  energy  dissipation. 
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Inlet  Header,  Parallel  glow 

For  this  analysis  it  is  idealized  that  pressure  and 
velocity  are  essentially  functions  of  x  only  and  that  the 
density  is  constant.  Then  the  Bernoulli  equation  for  loss- 
free  flow  when  applied  to  the  streamline  of  Fig.  1-1  is 

Pi  "  p(;x)  *  *  (I-14) 


For  constant  density  flow  the  conservation  of  matter  principle 

provides  the  following,  relations  for  a  uniform  input  velocity, 

<>ui  =  constant  ,  and  uniform  flow  distribution  through  the 

core,  v  =  constant  . 

3  m 


uizi 


UZ 


:wall  +  V 


vL 

m 


uz, 


;wall  “  vm(L  - 


n 


(1-15) 


The  pressure  profile  of  Eq.  (l-l4)  is  required  to  match 
that  of  the  exit  header  Eq.  (-1-7 ) So 


?i  -  -  r-  h0  ©2 


(1-16) 


Combining  Eqs.  (l-l6),  (l-15),  and  (l-l4)  to  eliminate  P 
and  u  provides  the  desired  Inlet  header  shape  zwa]j_  as  a 


function  of  x  . 


/Pi 

ro 

< 

ro 

IPo 

or 


Z2  = 


(1  -  Xp 

-  2 -  ~ 

z 


(1  -  x)‘ 


Pi 


flW  7T2] 

Po/pl 


X2  + 


(1-17) 


where  Z  =  zwa;u/yo  and  X  =  x/L  . 
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Note  that 


hC: 

K 


-  life) 


Substitution  of  the  header  shape  hack  into  the  continuity 
equation  (l-15)  will  yield  the  inlet  header  velocity  as  a 
function  of  x 


O  5 


E; 

u. 


v&f  i!x2  +  i‘ 
Pn  yJ  a 


(1-18) 


This  relation  .may  he  used;  to  establish  the  kinetic  energy 
per  unit  mass  of  the.  flow  leaving  the  inlet  header  and  passing 
into  the  core.* 


KE  A 

O) 


m  1,-t  i  i-  pi 


v-  Pi 


(l-l9a) 


The  result  is 


[hi/ Pi) 


=  !•  +  t- 


2  I2.il 


12 


Pi  I 


=  1  +  0.822 


Pi! 

Pol 


(l-19b-Y 


Note  the  difference  relative  to  Eq.  (1-13)  where  the  kinetic 
energy  term  involves  a  (“  )ave  instead  of  a  (u  )Qve  as 
above . 

The  important  results  for  the  inlet  header  in  the  single 
pass  parallel  flow  configuration  are  Equations  (±-l6),  (1-17), 
(l~l8),  and  (l-19b).  The  Idealizations  and  specifications 
Involved  are  as  follows: 


1.  Constant  density  flow,  p  -  =  constant. 

2.  Both  pressure  and  velocity  are  essentially 
functions  of  x  only. 

3.  Zero  flow  stream  mechanical  energy  dissipation. 


+Note  that  v  in  Eq.  (j~19a)  is  the  matrix  velocity  based 
on  Am  at  tRe  inlet  face  of  the  matrix,  in  contrast  to  the 
v  pictured  in  Fig.  1-1  which  is  the  matrix  velocity  at  the 
outlet  face. 


3S 


4 .  The  flow  through  the  matrix  is  uniform,  vffi  =  ccnscant .  J  0 

5.  The  entering  flow  is  of  uniform  velocity;,,  u^  =  constant.  :Iw 

6.  The  pressure  profile  matches  that  of  the  exit  box  .  ’|° 

header.  w; 

Inlet  Header,  Counter  Flow  *  .  y " 

For  this  analysis,  as  for  the  parallel  flow  inlet  header,,  J 

it  is  idealized  that  pressure  and  velocity  are  essentially 

functions  of  x  only  and  that  the  density  is  constant,..  Then,  ~r-~ 

the  Bernoulli  equation  for  loss-free  flow  applied  to  the  stream-  j* 

line  indicated  in  Fig.  1-2  is  the  same  as  (l-l4) .  Also  from  'j 

the  conservation  of  matter  principle  the  (i-15)  set  of  equa- 

ticns  apply.  However,  in  order  to  satisfy  a  pressure  match  :p 

with  the  exit  header,  Eq,  (l~7)  required  a  shift  in  coordinates  |0 

because  of  the  counter  flow  configuration.  The  pressure  r  7 

profile  then  becomes  '} 

1C 

2  r  *j.  I 

~  Pi  =  h0  1  -  (1  -  X)2J  (1-20) 

•  t 

•  i  o 

That  is  the  inlet  header  now  has*  to  function  as  a  diffuser  ;  1. 

with  a  flow  deceleration  in  contrast  to  the  parallel  flow  [ 

situation  where  the  flow,  is  accelerated.  Combining  the  J 

( j* 

Bernoulli  equation  (l-l4)  with  continuity,.  Eq-.  (.1-15),  and  ^ 

the  pressure  match  condition,  Eq.  -(.1-20).,-  so  as  to  eliminate  , :  r 

P  and  u  provides  the  desired  Inlet  shape  zwall  as  a  4 


as  a 


function  of 


Z2- 


(1  -  X-] 


^i  Wtt£ 
3o  * 


1  -  (1  -  X)‘ 


(1-21) 


To  avoid  imaginary  values  for  Z  it  Is  necessary  that  the 
denominator  of  Eq.  (1-21)  be  positive  or 


Pi  |  irS  I  [, 

k  Ml1 " 


(1  -  X)' 
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value  of.  the  right  hand  side  is  Cpj/P 0).(Tr/4) 


for\  X  =  1  .  So 


i  ==’  0.637  VpT^l1 


Following  Hd^ya  (3),.  this  value,  for  z^/y^  will  be  accepted 
as»  the  "economic  size1'  as  smaller  magnitudes  would  have  a 
higher  :and  higher  flosses  of  kinetic  energy  when  the  flow 
eaters  the  matrix.  When  this  optimum  (z./y )  magnitude  is 

5  *  o  .  v  .  y  , 

introduced  into  Eq.  (1^21)  the  optimum  header  shape  becomes 


Z2  = 


Mb 


y,  constant 


(f-22)' 


That  is.  the  pptimum  inlet  shape  is  also  a  box  header. 

.Substitution  of  this  header  shape  back  into  the  con¬ 
tinuity  equation  (l-15)  yields  the  inlet  header  velocity  as 
a  function  >of  x  • ' , 


=  1  -  X 


(1-23) 


Following  the  procedure  used  in  establishing  Eq,  (l-19b)  the 
kinetic  energy  per  unit  mass  leaving  the  inlet  header  and 
passing  into  the  core  is 

KE(/g>  (u2)..„  , 


(1-24 ) 


The-  important  results  -for  the  inlet  header  in  the  single 
pass  counter  flow  configuration  are  equations  (1-20),  (l-22), 
(I-23)  and  (1-24).  The  idealizations  and  specifications 
involved  are  the  same  as,  for  -the  Inlet  header  for  the  parallel 
flow  configuration  and  are  listed  following  Eq.  (-I-19b). 

Oblique  Flow-  Inlet,  Free  Discharge 

A  technically  interesting  variation  of  the  parallel  flow 
configuration  is  pictured  in  Fig.  1-3.  If  the  outlet  header 
is  made  very  deep,  (y0"*»),  the  outlet  pressure  profile  becomes 

4o 


uniform.  This  is  also  the  situation  for  the  free  discharge 
configuration  shown  in  Fig.  1-3.  This  header  configuration 
is  quite  commonly  found  in  air  conditioning  exchangers  where' 
the  free  discharge  of  the  conditioned  air  is  directed  into 
the  room.  It  would  also  be  the  situation  on  the  hot  gas  side 
of  a  gas  turbine  regenerator  discharging  straight  up  an 
exhaust  stack.  Under  these  circumstances  Eq.  (l-17)  for  the 
inlet  header  shape  reduces  to 

=--  (1  -  x)  (1-25) 

zi 

That  is  a  triangular  shape .  This  solution  is  the  same  as 
presented  by  Loeffler  ana:  Perlmutter  (4) . 

This  result  can  also  be  derived  directly  from  the 
Bernoulli  equation  (1-14),  and  conservation  of  matter  equa^ 
tion  (T-15)  and  the  pressure  profile  matching  condition.  From 
Eq.  (1-14)  and  the  pressure  profile  matching  condition, 

P(x)  =  constant 

u  =  u^  =  constant 

Then  from  the,  second  of  Eqs.  (if  1-5) 

Van  _  \  _  V  ^  -  jO 

zi  "*  u  z±  ui  zi 

Introducing  u^z^  =  vmL  from  the  first  of  Eqs .  (1-15)  yields 
Eq.  (1-25). 

From  Eq.  (l-19a),  the  defining  equation  for  KE/o>  , 

=  1  (if  26.) 

This  also  comes  directly  from  Eq.  (l-19b)-  for  yQ  »  , 


0-*  - 


Fig:.  1-1 

The  mathematical  model  for  the 
single-pass  parallel,  flow-  con¬ 
figuration  shewing  the  stream, 
line  -analyzed . 

-  o 


Fig.  Ir2 

The  mathematical,  model  for  the 
single-pass  l. hunter  flow  coii- 
figuration.  showing  the  stream 
line'  analyzed^  =• 


Fig.  1-3 

.The  oblique  flow'  inlet*  free 
-discharge  .model  as  a  limiting 
case  of  the  parallel  flow' 
configuration;. 
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;  PPPD33C  IX 

V  :  \?#  FARTHER  .COjlMENl'S  0 ft  THE  'PEST  -SYSTEM 

-..The  teat  -system  was  described-  ih  the  text.  Tables  i  to  3 
l^hghnd  in;  Mgs.  Jj  to  8  arid  18  and  19.  The  purposes  of  this. 

•;  appendix:  ,are  to  describe  some  of  the  details  of  construction 

yoand,  to54iu.cuss  some  of  the  details  Of  test  data  evaluation.. 

,-y  v»  «.  v-  -V  '•»  >•-■"  '  •  '  '•  ~  •'  -  * 

_  (  <>•'  ,  .■«  o  ^  .  0  a 

\  //.“Header  Construction  ’ 

.The  headers  consisted  of  a  box  sheet  metal  shell  with 
,  replaceable  wooden  inserts  used  to  provide  the  desired  geometry. 
.  These  are  pictured  in  the  photographs  Figs..  II -1  and  11-21 
1  The  .narrow^ 'side rwa-ljl.. .pressure,  taps  were  located  on  one 

-of -the  two  side' walls  as  shown  in  Fig.  II-2.  The  pressure 
taps,  .along  the  broad  wall  consisted  of  brass  tubes  pressed 
through  holes  in  the  wood  and  the  sheet  metal *  The  1/8-inch 

-  outer  diameter  tube  end  was  finished  flush  with  the  contoured: 
wooden  .surface.  A  strip  of  thin  transparent  adhesive  tape, 

•j  ■ 

-  3/^-ihch  wide,  placed  over  the  tube  ends,  and  perforated  from 
the-  insihe  put  with  a;  .needle,  provided'  for  aerodynamicaTly 
clean  conditions  around:  the  pressure  sampling  hole. 

The  use  'of  HEXCEL  stiffeners,  as;  described  in  Fig.  ;8, 
prevented'  bulging  and  sagging  of  the  screen,  matrix  so  that 
the  flow  geometry  of  the  installed'  headers  was  in  fact  close 
to  the  design  geometry.  That  such  .stiffeners  were  necessary 
can  be  seen,  from  Fig.  18;  a-  0.1-inch  bulge  of  the  edge- 
supported  screen. pack,  corresponding  to  a  5Z  of  Q.05,  could 
completely  block  the  flow  to  the  matrix  in  the  region  beyond 
X  =  0.85'  ;  Some  of  the  tent  results  reported  earlier,  Ref. 

(l);,  were  somewhat  invalid  because  stiffeners  were  not  used 
and  screen  bulging  did  indeed  occur. 

Calculation!  Methods 

As  described  in  the  text,  the  measured  P(x)  in  both  the 
inlet  and  exit  headers  were  plotted  as  in  Fig.  10.  An  average 
of  the  side-wall  and  broad-wall  pressure  readings  was  used  to 


r 


fair  in  the  li^es.  Close  agreement  between  the  two  sets  of 
j,(X)  data  taken  at  different  z  (or  y  )  locations  confirmed 
one  of  the  key  idealizations  of'  the  analysis,  namely  that 
pressure  was  a  function  of  x  only.  These  pressure  lines 


allowed  a  direct  reading  for 
Then  the  VAPm„  :  * 


AP. 


matrix 


as  a  function  of  x 


matrix1  was  'use(^  As,  being  proportional  to  the 


velocity  through  the  matrix  vffl  .  Here  ft  is  Implied  that 

-the  matrix  function  factor  is  a  constant.  To  the  contrary, 

f  varies  as  Nc  to  the  -  0.54  power,  as  can  be  seen  from 
it  ~  '  t/I  f\f\ 

the  Table  3  entries,  so  that  V  varies  as  AP17  *  rather 
l/o  .  ,  m 

than  AP  1  ^  .  The  net  effect  of  this  Correct;- on  is  to  increa; 
the  hoii-unlformity  factors  in  Table  4  by  20  percent  to  1.2 
times  the;  values  reported^  As  this  change  is  not  considered 
to  be  significant  in  the  present  context  it  was  not  made. 

Comparison  of  Predicted  and  Measured  AP  ,  . 

.  ,  matrix 


In  Table  3  a  prediction  for  matrix,  pressure  drop  is 
presented.  The  ratio  of  test  to  predicted  AP.  magnitud 

is  about  1  .IB'  on  the  average  (runs  50,  51  and'  5  2  of  Table  -4-). 
This  discrepancy  may  be  due  to-  a  combination  of  the  following: 

1.  The  estimated  screen  porosity  of  6.725  may  be  in 
error,  if  it  is  5  percent  too  high  the  predictions- 
would  be  brought  into  agreement  with  the  test  values. 

2.  The  stiffeners  undoubtedly  contribute  a  small  per¬ 
centage  to  the  frictional  drag  and  this  was  not 
allowed  for  in  the  calculr iions  of  Table  5. 
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*\  V  ii-i  . 

-Inlet  headers  .showing  the  wooden 
'inserts  used  to  provide  the  shapes' 
desired  for  the  single-pass  parallel 
;  and:  counter  flow  tests .  See  Table  1 
anfrEigs.  18,  arid  19. 

>  0  •  '  "  ■  v  , 


■s 


Fig.  11-2 

The  return  flow  header  for  the 
two, -pass  parallel  flow  con¬ 
figuration.  See,  Table  1. 
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